The heterologous expression of functional mammalian integral membrane proteins represents a significant hurdle towards investigating their structure/function relationship. We have therefore utilised the OmpA signal sequence to deliberately target the expression of a mammalian nucleotide sugar transporter, the murine CMP-sialic acid transporter, to the E. coli inner membrane. The recombinant CMP-sialic acid transporter activity was subsequently evaluated using either E. coli spheroplasts or mixed phosphatidylcholine-E. coli inner membrane proteoliposomes.
Introduction
Membrane proteins represent approximately 30% of the total prokaryotic and eukaryotic proteome. However, integral membrane proteins represent only about 0.3% of all the protein structures elucidated; with an even smaller percentage if only the structures of eukaryotic membrane protein are considered (1, 2) . Despite the vast array of expression systems currently available, the main bottleneck in eukaryotic membrane protein crystallization and elucidation of structure-function relationships remains the quantitative expression and purification of functional protein (1, 2) . The expression of eukaryotic integral membrane proteins in prokaryotic expression systems (e.g. E. coli) typically leads to the sequestering of these recombinant proteins as inclusion bodies, from which functional membrane protein is often difficult to recover ((3) and references therein).
The CMP-sialic acid transporter (CST) is a Golgi resident hydrophobic protein with 10 putative transmembrane domains that catalyses the transport of CMP-sialic acid (the universal donor substrate for sialyltransferases) into the Golgi apparatus of eukaryotic cells (4). The CST is a member of a highly conserved family of multiple membrane spanning proteins collectively referred to as nucleotide sugar transporters (5). Therefore, our interest (6, 7) in not only probing the relationship between CST structure and function, but also in generating protein suitable for structural elucidation, led us to develop an efficient system for the heterologous expression of integral membrane proteins in E. coli. This system utilizes the OmpA signal sequence to target integral membrane proteins to the E. coli inner membrane.
Materials

Protein expression and E. coli inner membrane isolation
Protein expression and inner membrane isolation
The protocol provided is for the targeted expression of the mouse CMP-sialic acid transporter (mCST) to the E. coli inner membrane using the OmpA leader sequence under optimal conditions (15°C, 0.1 mM IPTG, 3 h). These conditions were determined by evaluating various temperatures (15°C, 20°C, 25°C and 37°C), IPTG concentrations (0.1 -1 mM) and
induction times (up to 4 h). Therefore, the same would need to be determined for each protein expressed using our system; however, the basic methodology described is in essence the same regardless of temperature, IPTG concentration and induction times used.
The OmpA signal sequence targets recombinant proteins to the Sec translocase (the E. coli translocation machinery in the inner membrane) (3). The isolation of E. coli inner membrane following the targeted expression of membrane proteins using the OmpA leader sequence serves two purposes. Firstly, it is used to verify the localisation of the recombinant CST to the inner membrane. Secondly, the isolated inner membrane fraction can subsequently be used to generate mixed phosphatidylcholine-inner membrane proteoliposomes (described in 3.2.2) for the evaluation of recombinant CST functionality.
1. Transform electrocompetent E. coli BL21 cells with pFLAG-mCST (see Note 2) and select for positive transformants by plating on LB Agar-Ampicillin plates (see Note 5).
2. An overnight culture of E. coli BL21 transformed with pFLAG-mCST is prepared by inoculating 3 mL LB medium containing 100 g/mL ampicillin with a single transformant (colony) and incubating at 37°C for 16 h with shaking (225 rpm).
3. Two mL of the resulting overnight culture is used to inoculate 1 L LB medium containing 100 g/mL ampicillin and the culture is incubated at 37°C with shaking until an OD 600 (see Note 6) of 0.4-0.5 is reached. At this stage the culture is then shifted to an incubator set at 15°C (see Note 7) and incubated with shaking until an OD 600 of 0.6-0.7 is reached (generally takes 45-60 min). 6. Induced E. coli cells whilst on ice are lysed by sonication using an ultrasonic processor fitted with a tapered microtip probe set at 40% maximum output for a 30 sec pulse followed by a 30 sec pause on ice. This is repeated for 4 cycles. The resulting total cell lysate is pre-cleared by centrifugation (20,000 x g, 30 min, 4ºC), this removes un-lysed cells, cell debris and inclusion bodies (see Note 9).
7.
A total membrane fraction (see Note 10) is subsequently obtained by further centrifugation of the supernatant following pre-clearing by ultra-centrifugation at 100,000 x g, 4ºC, 1 h.
The total membrane fraction is layered on a 30-55% sucrose gradient (Ultra Clear
Tubes, Beckman, Part number 344058) essentially as described by Osborn and Munson (9) and shown in Fig. 2 , and centrifuged at 100,000 x g for 18 h at 4ºC using a swing-out bucket rotor (eg. SW32 Ti, Beckman Coulter, Fullerton, CA, USA).
9.
Following centrifugation 1 mL fractions are carefully removed beginning at the top of the tube and set on ice.
10. The protein concentration of each fraction is determined using the BCA protein assay (Pierce, Rockford, IL, USA) or similar protein assay kit.
11. Protein is separated by SDS-PAGE (see Note 11) and detected by Western blot analysis (see Note 12). The result from a typical isolation using a sucrose density gradient of the E. coli inner membrane expressing recombinant CST is shown in Fig. 
3.
12. Fractions identified containing recombinant CST are pooled and used immediately.
Evaluation of recombinant membrane protein functionality
The following protocols describe two alternative methods that permit the evaluation of recombinant CST functionality after targeted expression to the E. coli inner membrane. The The generation of mixed proteoliposomes is particularly necessary if the transport activity of a recombinant solute transporter, such as the CST, is to be assessed. A significant advantage of using mixed proteoliposomes, particularly when evaluating recombinant solute transporter functionality, is the ability to pre-load the proteoliposomes with substrates or inhibitors. That is, many solute transporters function via an antiporter mechanism where the influx of one molecule is driven by the efflux of a counter-molecule, such a mechanism is utilised by the CST (7). Therefore, the ability to pre-load proteoliposomes with substrates or inhibitors allows detailed evaluation of recombinant transporter functionality.
Spheroplasting of E. coli cells
Spheroplasting was performed essentially according to 
3.
Add EDTA (pH 7.6) to a final volume equivalent to 0.5% of the cell suspension obtained at step 2.
4.
Add lysozyme to a final concentration of 60 g/ml
5.
Induce osmotic shock by diluting the cell suspension with an equal volume of Milli Q water, under constant and gentle stirring.
6.
Monitor spheroplasting progression by light microscopy (see Note 14).
7.
When spheroplasting efficiency reaches 80 to 85%, add MgCl 2 to a final concentration of 20 mM to stabilize the spheroplasts.
8.
E. coli spheroplasted in this manner can be now collected by centrifugation, resuspended in an appropriate buffer systems and used for evaluation of functionality (eg. binding, enzyme activity or transport assays).
Generation of mixed phosphatidylcholine-inner membrane proteoliposomes
1. An appropriate amount (see 5. The inner membrane fraction purified on sucrose gradient as described above (3.1) is mixed with the phosphatidylcholine vesicles at a ratio of 1:10 (w/w).
Fusion of purified inner membranes with unilamellar phosphatidylcholine vesicle is
induced by snap-freezing in liquid nitrogen followed by thawing at room temperature.
This freeze-thaw cycling is repeated 5 times (see Note 17). 7 . After the last freeze-thaw cycle, the mixed phosphatidylcholine-inner membrane proteoliposomes are once again extruded through a 200 nm polycarbonate filter 11 times and immediately applied to the determination of membrane protein functionality (eg. binding, enzyme activity or transport assays).
Notes
1. pFLAG-mCST was constructed as described in (8). The coding sequence of the fulllength mCST incorporating XhoI and BglII sites was ligated into the corresponding sites of pFLAG-ATS (summarised in Fig. 1 (14, 15) . 6 . OD 600 refers to the optical density of a bacterial suspension read at a wavelength of 600 nm using a standard spectrophotometer. That is, light passing through a bacterial suspension is scattered, and the amount of scatter is an indication of the biomass present in the suspension.
7.
Maintaining an incubator temperature of 15°C is nearly impossible to achieve in standard laboratories; however, an easy solution is to place an incubator in a 4°C cold-room and use the incubator's temperature control to set the temperature to 15°C.
To avoid shock responses, whenever possible it is preferable to reduce the temperature stepwise rather than shifting abruptly from 37°C to 15°C, thus allowing the cell culture to equilibrate and reach the desired OD 600 at 15°C before inducing protein expression by the addition of IPTG.
8. E. coli cells (approximately 50 mL) can be removed prior to IPTG induction (referred to as un-induced cells) and analysed by Western Blotting. This analysis allows the investigator to assess the stringency of the induction process; that is, if any "leaky" protein expression occurred in the absence of IPTG.
9. It is critical that the E. coli suspension is kept cold during sonication in order to avoid heat denaturation of proteins, and that foaming of the sample be minimised. This can be achieved by keeping the tube containing the E. coli suspension in a beaker of ice during the entire sonication process, and by placing the microtip probe greater than 10 mm below the surface of the sample. The sonication settings described have been optimised for an ultrasonic processor with a net power output of 750 Watts (eg.
Sonics Vibra Cell VC 750). Therefore, sonication settings will need to be adjusted depending on energy output of a given sonicator. To monitor cell lysis, a small aliquot of the total cell lysate is removed following each sonication cycle and centrifuged (13, 000 x g, 30 sec, 4C). The protein content in the resulting supernatant is determined using a standard protein assay (eg. Bradford Assay). The corresponding sonication cycles required to give maximum protein content can then be determined.
10. This fraction contains both the E. coli inner and outer membrane. (18-20) . 17 . This freeze-thawing method for the generation of proteoliposomes takes advantage of the spontaneous fusing of lipid vesicles when the temperature is lowered to below their phase transition temperature (21).
21.
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